This tutorial review describes experimental aspects of two techniques for investigating collisions and reactions at the surfaces of liquids in vacuum. These gas-liquid scattering experiments provide insights into the dynamics of interfacial processes while minimizing interference from vapor-phase collisions. We begin with a historical survey and then compare attributes of the microjet and coated-wheel techniques, developed by Manfred Faubel and John Fenn, respectively, for studies of high-and low-vapor pressure liquids in vacuum. Our objective is to highlight the strengths and shortcomings of each technique and summarize lessons we have learned in using them for scattering and evaporation experiments. We conclude by describing recent microjet studies of energy transfer between O 2 and liquid hydrocarbons, HCl dissociation in salty water, and super-Maxwellian helium evaporation.
Introduction -Hickman, Fenn, and Faubel
Gas-liquid interfaces abound within us and around us. They occur in natural settings, from the alveoli coatings inside our lungs to the sea surface microlayer, and they are harnessed in settings we create, from the industrial production of sulfuric acid and surfactants to the evaporation of fuel droplets in combustion engines. Perhaps the earliest recorded queries about gas-liquid interfaces date to Greek philosophers in the sixth century B.C., who described how seawater distilled by the sun fell back as rain. 1 Even earlier, sailors poured oil onto the sea and smeared it around their eyes to ''calm troubled waters'', a wavestilling phenomenon later investigated by Benjamin Franklin. 2 These oil and surfactant-coated surfaces have more recently generated intense interest for their ability to limit water evaporation from reservoirs 3 and to alter gas-liquid reactions in sea-spray aerosols and at the surface of the ocean. 4 The first systematic study of gas-liquid interfaces in vacuum, however, might be credited to Kenneth Hickman of the Kodak Research Labs, who in 1952 invented the ''Falling Stream Tensimeter'' to measure the evaporation coefficient of pure liquids and mixtures. 5 Hickman was fascinated with distillation and wondered if liquids evaporated at the maximum rate allowed by their finite speeds, equal to J evap = ahvin vap /4, where J evap is the evaporation flux, hvi is the average speed, and n vap = P vap /RT is the vapor density. In this expression, a is the evaporation coefficient, ranging from 0 to 1. Hickman's research was not driven purely by curiosity; he was measuring a in the hope of perfecting his large-scale distillation of vitamins A and D from fish oil, first publicized by Time magazine in 1937 as the ''vitamin still''.
Hickman, as had Irving Langmuir before him, recognized that the surface of the liquid must be clean and continuously renewed, ''free of dross'', to evaporate at its maximum rate. Hickman's tensimeter, shown in Fig. 1a , is made entirely of glass and is evacuated to B10 À3 Torr by a mechanical pump and a liquid CO 2 condensation trap. It is a marvel of ingenuity. A liquid jet, or falling stream, is formed by gravity through a 1-10 mm diameter opening and internally recirculated. As the stream of liquid falls through the open space under vacuum ( Fig. 1b ), some of it evaporates and collects in air-cooled traps surrounding the jet. The collected liquid is then weighed in order to calculate a. Hickman and his coworkers D. J. Travoy and J. R. Maa measured a for many liquids, including water, and observed values close to one. Even today, the value of a for water is a subject of much interest in the scientific literature. 6 Sandra Lednovich and John Fenn made the next great experimental advance in 1972 by developing a robust technique to generate flat liquid films in vacuum. 7 As depicted in Fig. 2a , a continuously renewed, vertical film is formed by rotating a partially submerged B5 cm diameter glass wheel through liquid contained in a temperature-controlled reservoir. The coated wheel is then skimmed by a metal or glass blade or a Teflon cylinder to a uniform thickness, typically 0.5 mm or less (corresponding to B10 6 molecular layers). This scraping 
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Gilbert Nathanson received his PhD degree under the direction of Gary McClelland at Harvard University, studying intramolecular vibrationrotation energy transfer in isolated molecules. Gil then moved to Berkeley to work with Yuan Lee and his students, where he collaborated in experiments involving photodissociation and crossed molecular beam scattering. In 1988, Gil started as an assistant professor at the University of Wisconsin-Madison. He and his students began investigating gas-liquid collisions and reactions using the coated-wheel technique described in this article, and they later adapted the microjet technique to evaporation and scattering experiments. Gil frequently teaches general chemistry, and he and his students lead hands-on outreach activities involving soap bubbles and surfactants. process removes the outer portion of the liquid, including contaminants, and returns the excess liquid to the reservoir. The freshly skimmed film is then exposed to vacuum through a B1 cm 2 circular or rectangular hole for 0.1 to 1 s at wheel speeds of 1 to 0.1 Hz. Lednovich and Fenn first used their trough to continue measurements of a, and Sinha and Fenn then measured the angular distributions of argon atoms scattering from liquid glycerol. 8 This coated-wheel technique is currently used by us and by other groups as a means to provide clean, stable, and continuously renewed surfaces of low vapor pressure liquids, with interaction areas of 1-10 mm 2 that are equivalent to areas used in studies of gas-solid interfaces. [9] [10] [11] Among the liquids that have been investigated are hydrocarbons such as squalane, perfluorinated ethers, bare and surfactantcoated sulfuric acid and formamide, pure and salty glycerol, ionic liquids, and even salty water at 212 K. These liquids are generally limited to vapor pressures below 5 mTorr in order to avoid gas-vapor collisions just outside the liquid film.
Static crucibles of liquids have also been employed, particularly by Olander and coworkers to investigate reactions of Cl 2 with liquid metals. 12 These horizontal puddles may be coated with oxides or organic impurities, but can be cleaned in vacuum by stirring, scraping, ion sputtering, or neutral atom etching, allowing even reactive liquids such as molten alkali hydroxides, alkali carbonates, and metal alloys to be investigated.
The main subject of this review is our recent application of liquid microjets to explore helium evaporation and collisions of inert and reactive gases with high-vapor pressure liquids, including hydrocarbon fuels and pure and salty water, which were previously inaccessible with the coated-wheel technique. This narrow radius jet, as thin as 3 mm (B1/10 the thickness of a strand of hair), was introduced by Manfred Faubel and coworkers in 1988. 13 The microjet is a precisely fabricated glass tube pulled to a narrow open tip, as shown in Fig. 2b , that is deceptively challenging to maintain straight and unclogged for experiments spanning several days. As described below, Faubel recognized that gas-vapor collisions surrounding the jet are suppressed if the jet diameter is chosen to be smaller than the gas-phase mean free path. Faubel used this microjet technique to make the first collision-free measurements of the evaporation of liquid water. Several groups have since employed the microjet for spectroscopic measurements of both interfacial and bulk-phase aqueous solutions, opening an entirely new field of experimental research. [14] [15] [16] [17] [18] [19] Most recently, Yang et al. have adapted microfluidic channels to introduce aqueous solutions into vacuum by drilling a 2-3 mm wide hole in the top of the channel and exposing the circulating liquid. 20 This technique offers fascinating opportunities for investigating gas-surface collisions with volatile liquids.
Scope of this tutorial review
This tutorial benefits from prior reviews of methods to prepare liquids in vacuum, including those by Seigbahn, 21 Faubel, 22 Wilson and Saykally, 14 Winter and Faubel, 15 Minton and McKendrick, 11 Andersson, 9 and Nathanson. 23 In addition, reviews by the Boston College-Aerodyne group 24 and by Hanson and Lovejoy 25 provide excellent surveys of the droplet train and aerosol methods to explore the kinetics of gas uptake and reactivity, which have contributed greatly to our understanding of multiphase atmospheric chemistry. 6 While this tutorial focuses on methods to generate clean liquids in vacuum coupled with mass spectrometric detection of the scattered and desorbing molecules, we note that significant advances in spectroscopic detection of molecules such as CO 2 and NO by the Nesbitt group and OH by the McKendrick group have provided tremendous insights. 10, 11, [26] [27] [28] [29] These laserbased techniques can measure the rotational, vibrational, and electronic states of the outgoing molecules in addition to their velocity and direction.
Why do we pursue gas-liquid scattering experiments in vacuum? Under very low pressures, gas-phase collisions are absent that would otherwise scramble velocities, directions, and appearance times of the products, and perhaps also destroy evaporating reaction intermediates. By suppressing collisions in the region surrounding the liquid, we can glean a wealth of information: the identity and relative amounts of nascent products as a function of collision energy, internal state, and incoming direction; the translational and internal energies of the product molecules and the reagent molecules that escape; and residence times indicating when and where reactions take place (within the interfacial region or the bulk). The velocities and directions of the scattered molecules often reflect the corrugation and motion of the surface molecules and even their identity and orientation. Gas-liquid scattering experiments, in concert with deep insights from simulations, provide us with a dynamical, ''blow-by-blow'' picture of collisions and interfacial reactions. In a sense, surface molecules are at the ''frontier'': they are the first molecules under attack by reactive species approaching from the gas phase, and they act as gatekeepers for entry into and out of the bulk. Gas-liquid scattering experiments deploy powerful tools developed for gas-phase studies to interrogate the structure and reactivity of the interface, where molecules are asymmetrically distributed yet intrinsically cooperative. In future work, it may even be possible to couple scattering experiments with interfacial spectroscopic probes, following earlier experiments investigating structural changes in liquid crystals upon bombardment by helium atoms. 30 As described above, the development of vacuum-liquid techniques builds on two key criteria: (1) the production of clean and continuously renewed surfaces of pure liquids and mixtures, including solutions with surfactant coatings, and (2) the suppression of gas-vapor collisions just above the solution that would otherwise distort the speeds and directions of incoming and outgoing molecules. In addition, it is important to evaluate the effects of evaporative cooling and to be aware of the size, stability, shape, and exposure times of the liquid sample itself. In the paragraphs below, we describe basic features of the microjet and coated-wheel techniques for scattering experiments, along with lessons we have learned, and then survey three experiments from our lab: (1) inert gas scattering from hydrocarbon fuels, (2) acid dissociation at the surface of water, and (3) non-Maxwellian helium evaporation from water and hydrocarbons.
Microjet and coated wheel experimental setups: scattering and evaporation
The experimental setups used in our laboratory are illustrated in Fig. 3 . We generate microjets (panel a) by pressurizing a solution inside a stainless steel reservoir with 1-20 bar of inert gas, but microjets are more typically produced using a HPLC or screw pump to push the solution through the nozzle. Three nozzle types are currently in use, each with nozzle radii in the range of 5 mm or greater. These are fused silica capillaries 14 drawn by a CO 2 laser puller and quartz 31 and borosilicate tubes drawn in a flame and then polished. Our own borosilicate nozzles have a lip at the top that serves as a bumper, preventing the nozzle from ejecting out of its stainless steel holder under high pressures. The liquid travels from the nozzle through the vacuum chamber and is collected in a chilled bottle, typically submerged in a dry ice-ethanol bath. Liquid nitrogen-cooled steel panels inside the chamber trap solvent molecules evaporating from the jet, lowering the background pressure to o10 À5 Torr when the chamber is additionally evacuated by a 2000 L s À1 diffusion pump.
In evaporation experiments ( Fig. 3a without the gas nozzle and beam), a solute gas such as helium or argon is dissolved in the solution within the stainless steel reservoir through vigorous shaking. The evaporating solute and solvent species emerging from the jet are then monitored by a differentiallypumped quadrupole mass spectrometer. A spinning slotted wheel (''post-chopper'') divides the desorbing molecules into packets whose arrival times t over a flight path L are monitored by the mass spectrometer, yielding a time-of-flight (TOF) distribution. The velocities of the desorbing molecules are given by v = L/t, and the translational energies are calculated from 1/2m gas v 2 .
We can perform scattering experiments to explore collisions and interfacial reactions by introducing a gas beam, as shown in Fig. 3 . These studies rely on differentially-pumped supersonic gas expansions (also developed by John Fenn) from a pinhole nozzle to generate reagent atoms or molecules at precisely controlled translational energies and fluxes. 32 Many collisions occur as the gas exits the nozzle, channeling random thermal motions into directed motion of the gas molecules. For a B100 mm diameter pinhole nozzle at B1 bar pressure of pure argon, the ratio of the mean free path l to the orifice diameter D (Knudsen number) is l/D E 0.001, so the gas expands adiabatically and the speed distribution narrows. While we harness these gas-gas collisions in the gas nozzle to produce supersonic expansions, we assiduously avoid the analogous vapor-phase collisions when preparing liquid surfaces in vacuum by increasing l and decreasing D. These criteria are discussed in detail later.
Molecules in the incident gas beam (shown in Fig. 3 as DCl) strike the surface of the jet or coated wheel, and the reagent DCl and product HCl molecules scatter or desorb in all directions. The detection method remains the same as in evaporation, but the fixed geometry of our machine limits the view of the mass spectrometer to those molecules exiting through a 901 deflection angle. As described later, the identities, velocities, and fluxes of the outgoing molecules reveal how DCl molecules dissociate, undergo proton exchange, and even escape reaction in collisions with water. Fig. 3b illustrates one method to directly measure solvation and reaction times of solutes in liquids. When the post-chopper wheel is removed from its position after the surface and a prechopper wheel (shown here as a cylinder) is placed between the incident beam and surface, the rotating cylinder creates short bursts of reagent molecules that strike the liquid. In this case, the arrival time of the reagent or product molecule at the mass spectrometer is a sum of its residence time in the liquid and its flight time to the mass spectrometer. Average residence times on the order of one microsecond or longer can then be extracted from the spectrum. See ref. 33 for more details.
In order to generate sufficient scattering signal, the incident gas beam is designed to intersect the liquid jet over a B3 mm length, considerably longer than in spectroscopic or photoemission experiments. This overlap requires the jet to run steady and straight over many hours. Our current gas beam is significantly broader than the jet, but it should ultimately be possible to match the width of a rectangular gas beam to the narrow size of the jet in order to minimize the background gas load.
Microjet and coated-wheel parameters, trade-offs, and lessons learned
Microjets and coated wheels both produce continuously renewed liquid samples, but with very different variables that can be controlled. We outline below several of these parameters and trade-offs and lessons they have taught us.
Jet breakup
The cylindrical jet is inherently unstable and ultimately breaks up into droplets, as photographed in Fig. 2c . 22 Disturbances in the jet pinch off the liquid stream, minimizing the surface area and the surface free energy. The length of the cylindrical jet prior to droplet conversion increases with the jet diameter d jet , velocity v jet , viscosity Z, and density r, but decreases with surface tension g:
This expression is empirical, 34 but it effectively reproduces our observed breakup lengths, indicated by a sharp drop in evaporation signal when transitioning between the cylinder and droplet regimes. For a 5 mm radius jet of pure water initially at 273 K traveling at 20 m s À1 , the breakup length is just 0.7 mm. In our scattering experiments with 8 molal LiBr/H 2 O at 238 K, L breakup grows tenfold because we increased the jet radius to 17 mm and the jet velocity to 30 m s À1 . In practice, we observe no difference in the energy distributions of molecules scattering and evaporating off the cylindrical portion of the jet versus the spherical droplets.
The comparable breakup phenomenon for the coated wheel occurs when the wheel rotates so slowly that the liquid drains from the surface. This time can be long if the fluid is viscous and fully wets the glass or metal wheel: in the case of supercooled sulfuric acid at 212 K (1800 mPa s viscosity), we found that the glass wheel remains coated even when it is stationary for 6 s.
Evaporative cooling
As the microjet travels through the vacuum chamber, evaporating molecules remove heat, and the temperature decreases. Evaporative cooling from a cylindrical jet can be predicted from the expression: 13, 14, 35 
where T is the liquid temperature at a distance z along the jet, m gas is the mass of the evaporating solvent molecule, P vap is the vapor pressure, DH vap is the enthalpy of vaporization, and C p is the heat capacity. This expression assumes that the jet cools uniformly in the radial direction. Evaporative cooling is negligible for solutions with low vapor pressures, such as dodecane and cold salty water, but can be considerable for more volatile liquids like pure water. The same 5 mm radius water jet mentioned above, moving at v jet = 20 m s À1 and starting at T = 273 K, cools by 13 K over L breakup = 0.7 mm. As the temperature drops and the vapor pressure decreases, the rate of evaporative cooling slows from this initial rapid decay. In order to interrogate a portion of a volatile jet within a narrow temperature range, it is necessary to ''zoom in'' on a very short length of the jet.
In the case of the coated wheel, solvent evaporation also cools the patch of liquid as it rotates in front of the hole in the reservoir and molecules evaporate into vacuum. The heat supplied for this evaporation comes from thermal conduction of the underlying liquid, yielding a change in surface temperature of DT E (DH vap n vap hv vap i/4)(t exp /(kn liq C p )) 1/2 , where k is the thermal conductivity and t exp is the exposure time of the liquid to vacuum. 7 For t exp = 0.5 s, DT is much less than 1 K for glycerol at 295 K (P vap = 0.1 mTorr) and about 1 K for 8 molal LiBr/H 2 O at 212 K (P vap = 5 mTorr).
Gas-vapor collisions
The high vapor pressure of water, fuels, and many other solvents implies that these molecules travel only a short distance in the vapor phase before colliding into each other, altering their speed and direction. This collision distance, or mean free path l, can be expressed as (csn gas ) À1 , where s is the collision cross section (about 30 Å 2 for water) and c = hv rel /vi is the ratio of relative and gas velocities, equal to O2 in a uniform gas sample. It is difficult to estimate l precisely because the value of s depends on the process observed. The constant c is also difficult to calculate for molecules striking and leaving a cylinder or flat surface of finite dimensions. Useful approximate values include c -1 for solute molecules traveling much faster than solvent molecules and c E 3/4 for evaporating solvent molecules colliding with each other. 36 For these reasons, we can only roughly estimate the number of collisions N coll in the vapor phase above the surface, as depicted in Fig. 4 . Faubel originally calculated N coll by counting the number of mean free paths over the radial distance r from the jet: 13
For an infinitely long and infinitesimally narrow jet, the vapor density decreases inversely with distance from the jet, and n(r) = (n vap /2)r jet /r. The equilibrium vapor density n vap is divided by 2 because molecules evaporate from the jet but are pumped away and do not return in vacuum, eliminating the incoming molecules and lowering the gas density by half. The expression for N coll for trajectories perpendicular to the jet is: 13 N coll ðinfinitely long cylinderÞ % r jet l o ln R r jet where r jet is the jet radius, l o = (csn vap /2) À1 is the reference mean free path, and R is the distance from the jet over which vapor phase collisions occur before they are blocked by an aperture. Refinements suggest that eqn (4) overestimates N coll by a factor of B2; in our experience, the calculation provides valuable guidance in designing experiments, but only direct measurements themselves indicate whether N coll is sufficiently small, as we discuss below. It is helpful to compare this infinite cylinder calculation of N coll to expressions for other geometries calculated by Sadtchenko, 37 Faubel, 22 and us: 38
where N coll refers to collisions for trajectories perpendicular to the surface and at the middle of the cylinder and circle. In each case, N coll is determined by the ratio of a characteristic length divided by the reference mean free path: r jet /l o , r sphere /l o , or r circle /l o . These ratios express the invaluable insight by Faubel that the radius of the sample must be (several times) smaller than the gas-phase mean free path in order to suppress collisions in the vapor cloud surrounding the surface.
As an example, let's calculate N coll for water evaporating from a 5 mm radius jet of supercooled water at 252 K, where vapor-phase collisions are cut off by a skimmer at R = 1 mm from the surface. At this temperature, P vap equals 0.9 Torr and l o is B250 mm. Eqn (4) yields N coll E 0.1 when treating the jet as infinitely long. We can also calculate the fraction of unperturbed evaporation trajectories, given by Beer's law, of e ÀNcoll = 0.9. The corresponding TOF spectrum of water molecules evaporating from the jet is shown in Fig. 5a , where it is compared with a Maxwell-Boltzmann distribution at the 252 K temperature of the water. (This distribution is expected when the evaporation coefficient is near one or is independent of collision energy. 39, 40 ) The observed spectrum is slightly narrower, most likely reflecting a weak supersonic expansion arising from the few collisions that do occur near the jet surface. As calculated above, however, this jet breaks up into a string of droplets less than 1 mm from the nozzle, and N coll likely falls between the cylinder and isolated sphere values of 0.1 and 0.04. We note that there is no ''magic'' threshold value of N coll to guarantee successful experiments, but we generally find that we can record TOF spectra with minimal distortion for N coll o 0.1. This limit may be superseded by higher values as more volatile liquids are investigated. We can use eqn (7) to estimate the useful maximum vapor pressure for the coated-wheel technique. Consider water evaporating through a 1 cm diameter circular hole that exposes the coated wheel to vacuum, with an aperture placed 2 cm from the wheel to cut off further gas-vapor collisions. The second term in eqn (7) has a value close to one, and l o is about 4 cm for 8 molal LiBr/H 2 O at 212 K and P vap = 0.005 Torr. In this case, N coll E r circle /l o = 0.05, and in accord with this small value we find that water evaporation is slightly supersonic. 38 
Argon thermometry
As stated above, the temperature of the pure water jet is 252 K, cooling about 30 K by the time it reaches a distance 4.5 mm below the nozzle. But how do we know this? While evaporative cooling calculations provide valuable guidance in both the cylinder and droplet regimes, 35 we can also measure the temperature directly in the observation region. 41 Fig. 5b displays the TOF spectrum of dissolved argon atoms evaporating through the water vapor cloud. This distribution is even closer to Maxwellian than is the H 2 O spectrum in Fig. 5a because the scattering cross section is smaller for Ar-H 2 O than for H 2 O-H 2 O, and N coll drops to a negligible value. This evaporation acts as an ''Argon Thermometer'': in practice, we fit the Ar TOF spectrum to a Maxwell-Boltzmann distribution at a temperature T, which if fit well, is then used as the temperature of the jet in the observation region in all subsequent analyses. The fitting uncertainty is typically less than AE5 K. Although we cannot know a priori that Ar atoms evaporate in a Maxwell-Boltzmann distribution at the temperature of every liquid, we find that argon temperatures and those predicted by eqn (2) are typically closer than the fitting uncertainty for all liquids investigated so far. We can further test the validity of the thermometer by monitoring Ar evaporation from squalane (10 À8 Torr vapor pressure), which does not measurably cool and is not surrounded by a thick vapor cloud. In this case, the Ar and thermostatted liquid temperatures are again identical within the fitting uncertainty.
Trade-offs between the microjet and coated wheel
Despite the extraordinary access to higher vapor pressures provided by the microjet, experimentalists face substantial tradeoffs when switching from the wetted wheel to the jet. First, the jet provides a much smaller scattering target. We typically utilize nozzles for scattering experiments that are 15 mm or larger in radius in order to increase the signal, while simultaneously lowering the temperature to maintain a thin vapor cloud. For a 15 mm radius jet, the ratio of wetted wheel to microjet surface areas is given approximately by r circle /r jet E 3 mm/15 mm = 200! This large area ratio highlights the challenges of microjet scattering and implies that experiments must be chosen judiciously because they require much longer signal averaging times. The small size of the jet also means that artifacts can contribute substantially to the measured signal. Molecules in the incident beam and those evaporating from the jet can scatter off the chamber walls, apertures, liquid nitrogen shields, and the back of the postchopper wheel, ultimately contributing to the TOF spectrum. We subtract these spurious signals by recording spectra with the jet out of the scattering region and without the incident beam. We also note that the mismatch in size between the incident gas beam and the jet makes it much more difficult to carry out measurements of the absolute uptake of gas into the jet. These entry probabilities can be readily measured when the incident gas beam is contained within the larger exposed area of the coated wheel. 33, 38 Second, the typical velocity of a 15 mm radius jet is 30 m s À1 , permitting a viewing time of 100 ms over a 3 mm wide detection window. In contrast, the wetted wheel rotates slowly, allowing measurements of desorbing species over times of 0.05 to 1 s, or up to 10 4 times longer than for the microjet. 33 These longer times are especially useful for observing soluble products that slowly evaporate, such as gaseous HCl produced after recombination of dissolved H + and Cl À . As mentioned above, shorter solvation times between 10 À6 and 10 À3 s may be measured using the short gas bursts created by a pre-chopper, shown in Fig. 3b for the coated wheel. 33 The more slowly moving wheel also allows surfactants sufficient time to diffuse from the bulk to the surface when the solution is intentionally doped with amphiphiles. 42 The time for a bulk surfactant to populate the surface is roughly t surfactant E (c surf /c bulk ) 2 /D, where c surf and c bulk are the surface and bulk surfactant concentrations and D is the diffusion constant. For D E 10 À6 cm 2 s À1 , c bulk must exceed 0.01 M to generate c surf of 10 14 cm 2 (B1/10 monolayer) over 100 ms. This is certainly achievable for smaller and more soluble surfactants in low-viscosity fluids, but denser monolayers require much longer times to form. 43 Third, the cylindrical jet and flat wheel generate potentially different angular distributions of scattered molecules, although this effect may be mitigated by the intrinsic surface roughness of molecular liquids. Fig. 6 compares collisions from a flat film and a cylindrical jet at a 901 configuration between the incident beam and mass spectrometer detector. A uniform incident beam strikes the cylinder at different local angles along the quadrant, with an average angle of incidence hy inc i = 331 AE 221 (one standard deviation). The flat film is oriented at this same incident angle for comparison. When the outgoing direction y out monitored by the mass spectrometer is constrained to be 901 À y inc , as it is in our experiments, then hy out i = 571 AE 221. The differences in angular distributions and scattering patterns from a flat film and a cylindrical jet are not yet firmly known, but can hopefully be mapped out using a rotatable mass spectrometer or other spectroscopic technique to sample different deflection angles and out-of-plane scattering. Fig. 7 (discussed later) suggests that the scattering patterns can be quite similar.
Fourth, we note a useful complementarity among low and high vapor pressure liquids used in the coated wheel and microjet techniques. Many low vapor pressure liquids, such as squalane (20 mPa s), glycerol (10 3 mPa s), and supercooled sulfuric acid (10 2 -10 4 mPa s), are viscous fluids that thickly coat the rotating wheel and retain a uniform fidelity of the skimmed film even at low rotation speeds and long exposure times. In contrast, higher vapor pressure liquids, including short-chain hydrocarbons (0.3 to 1.3 mPa s) and pure and salty water (1-10 mPa s), are well suited to the microjet technique because they are often less viscous, and therefore require lower backing pressures to reach operational jet speeds.
Lessons in generating microjets in vacuum
The goal when designing liquid microjet experiments is always to minimize vapor-phase collisions, but practical considerations also govern the selection of experimental parameters.
In particular, the flow rate through the nozzle must be carefully balanced to prevent freezing and clogging at any given radius and temperature combination. Typical backing pressures in our experiments range from 1 to 20 bar, generating jet velocities between 5 and 30 m s À1 , though speeds up to 150 m s À1 have been achieved at backing pressure greater than 100 bar. 22 Icicles are a concern when operating at temperatures close to the freezing point of the solution because solvent evaporation from the jet leads to supercooling (see Fig. 3 of ref. 44 ). If the flow rate is too low, the jet will freeze right at the tip of the nozzle. Alternatively, if the flow rate is too high, icicles grow up from the bottom of the collection bottle as the jet strikes the pool of frozen solution. A small hoop can be manually spun above the neck of the collection bottle to break the emerging icicle rods. Ultimately, the choice of flow rate affects not only the temperature of the jet within the interaction zone, but also the jet speed and the breakup length. From a practical standpoint, high flow rates are discouraged when working with expensive solvents. Whereas wetted-wheel experiments can be conducted for several weeks with less than 50 mL of solution, the tiny microjet can require up to 2 L of solution per day, which must be replaced or filtered before reuse.
Perhaps the greatest practical challenge posed by microjets is clogging. Common culprits are dust, air bubbles, salt, and corrosion, and the best recourse is sonication with a healthy dose of patience or a large supply of replacement nozzles. In our setup, solutions are filtered upon preparation and then pass through two in-line filters (15 mm and 2 mm pore sizes) between the reservoir and the nozzle to eliminate dust particles. To keep the jet running smoothly, liquid should flow through the nozzle at all times. This precaution also prevents salt deposits from collecting at the tip of the nozzle. The vacuum chamber is vented overnight (to avoid extensive consumption of the solution and of liquid nitrogen), and the nozzle is continuously flushed with pure water to prevent clogging. The sum of our experience has taught us to group experiments by jet radius to minimize the time spent changing nozzles.
The complementary nature of the coated wheel and microjet may be captured by the fable of the Tortoise and the Hare. While the coated wheel rotates slowly, it provides data quickly for low vapor pressure liquids because the surface area struck by the incident gas beam is so large. Conversely, the microjet moves quickly, but its narrow diameter requires long signal averaging times. The race may best be won by the Tortoise and the Hare holding hands: initial experiments with a low vapor pressure mimic (such as glycerol for water) using the coated wheel can provide invaluable guidance for designing the low signal-to-noise microjet experiments, as described below.
The microjet in practice: jet fuel heating, interfacial acid dissociation, and super-Maxwellian helium evaporation
We describe three recent experiments that utilize microjets in vacuum: collisions of Ar and O 2 with hydrocarbon liquids to measure fuel droplet heating, interfacial dissociation of HCl in salty water, and non-Maxwellian helium evaporation to probe interfacial solute-solvent forces.
A striking comparison: scattering from the microjet and wetted wheel Fig. 7 highlights the different signal levels we obtained in our initial experiments from a cylindrical microjet and a flat wetted wheel when we scattered high-energy (90 kJ mol À1 ) argon atoms from liquid squalane, whose 10 À8 Torr vapor pressure and moderate viscosity make both techniques possible. 45 The TOF spectra reveal two distinct features at short and long arrival times. Some Ar atoms undergo direct inelastic or impulsive scattering (IS) and recoil from the surface after one or a few bounces, losing only a fraction of their translational energy. The remaining Ar atoms fully dissipate their energy through multiple collisions and are momentarily trapped at the surface; they undergo thermal desorption (TD) in a characteristic Maxwell-Boltzmann distribution at the temperature of the liquid. (We note that ''TD'' refers to both ''trapping and desorption'', a twostep process, and ''thermal desorption'', just the second step, which may follow adsorption, dissolution, and/or reaction. ''IS'' is used to refer to both ''inelastic scattering'' and ''impulsive scattering'', and is sometimes called ''DR'' for ''direct recoil''. These three terms refer to the same short-time single or multi-bounce collision. 32 ) The branching between the IS and TD channels for the microjet and flat film TOF spectra are remarkably similar despite the different geometries.
Perhaps the most striking aspect of Fig. 7 is that the signalto-noise is significantly lower for the 50 mm radius jet (8 hour recording time) versus the wetted wheel (10 minute recording time). We have recently increased the microjet signal tenfold by moving the gas nozzle closer to the jet and reduced the background twofold by adding more cold panels to freeze out background gases. Nevertheless, Fig. 7 emphasizes the great challenges involved in microjet scattering experiments.
Droplet fuel heating: collisions of O 2 with dodecane
The combustion of liquid fuel presents one very practical application of gas-liquid interfacial chemistry. In order for combustion to occur, gasoline and jet fuel must first evaporate into the gas phase. The energy required to rapidly heat and vaporize the fuel droplets is provided by collisions with ambient gases, primarily N 2 and O 2 , at temperatures and pressures up to 2000 K and 20 atm. Our first microjet scattering experiments focused on collisions of O 2 with liquid dodecane, often the largest single component in kerosene jet fuel. 45 We directed beams of O 2 molecules at a 20 mm radius jet of dodecane (P vap = 0.1 Torr) at collision energies of 9 and 30 kJ mol À1 , which are the average translational energies at gas temperatures of B500 and B1800 K. The TOF spectra in Fig. 8 illustrate that, at low collision energy, nearly all impinging O 2 molecules become momentarily trapped at the surface and then desorb in a Maxwell-Boltzmann distribution at T liq = 280 K, while at higher collision energy, both impulsive scattering and thermal desorption occur. Overall, O 2 collisions with dodecane and squalane (not shown) transfer B70% of their translational energy to the surface molecules.
These studies indicate that gas-hydrocarbon energy transfer is very efficient and further imply that short-chain hydrocarbons like dodecane and long-chain hydrocarbons like squalane absorb similar amounts of energy. It will be intriguing to extend these measurements to narrower jets of gasoline, where the mix of alkanes and aromatics may roughen the surface and thereby promote multiple bounces and even larger energy transfers.
Interfacial acid dissociation and reactive scattering Fig. 9 shows one example of our efforts to address a reactive gas-liquid system: how do acidic gases such as HCl dissolve in water and other protic liquids? We chose the deuterated isotope DCl so that DCl -HCl exchange may be used as a signature of reaction. Fig. 9 illustrates several fundamental pathways following collisions of the acid DCl with salty water: (1) direct inelastic scattering of DCl molecules from the surface in one or a few bounces; (2) full energy dissipation through several energy-exchanging collisions, leading to momentary DCl trapping and hydrogen bonding at the surface, followed by thermal desorption of DCl before it dissolves or reacts;
(3) DCl dissociation into D + and Cl À in the interfacial region; (4) diffusion of these ions into solution (uptake), followed by slow evaporation of D -H exchanged HCl; and (5) perhaps most fascinating, rapid D + -H + exchange with H 2 O and immediate desorption of HCl from the interfacial region.
All five processes listed above have been observed when DCl molecules strike a wetted wheel coated with liquid glycerol, HOCH 2 CH(OH)CH 2 OH, at 295 K (P vap = 10 À4 Torr). 46 In contrast, longtime uptake dominates when DCl collides with 8 molal LiBr/H 2 O at 212 K (P vap = 0.005 Torr) due to the enormous solubility of D + /H + and Cl À in the cold solution. 38 More recently, we have extended these measurements to 238 K using a 17 mm radius jet, where the water vapor pressure rises to 0.1 Torr (a 20-fold increase). 47 Collisions of 90 kJ mol À1 DCl with the LiBr/H 2 O jet generate the TOF spectrum shown in Fig. 10 , which has been corrected for spurious background scattering of DCl in the absence of the microjet. This spectrum is dominated by direct scattering, with minimal thermal desorption of intact DCl molecules. In parallel, the signal from D -H exchanged HCl is very weak. These observations imply that momentarily trapped DCl molecules only infrequently desorb and instead mostly dissolve and dissociate, as also observed in simulations. 48 A major experimental challenge is to use even narrower jets to reach higher temperatures and vapor pressures while preserving strong enough scattering signals to detect.
The example above illustrates one type of reactive scattering experiment. Studies by other groups and collaborators include collisions of reactive species such as O, Cl, F, and Na atoms with many liquids, all investigated using the wetted-wheel technique. [49] [50] [51] [52] We note the remarkable discovery by Garton 49 In a beautiful application of gas-phase ideas to gas-surface interactions, these studies also led to the creation of the ''surface Newton diagram'' to determine the effective mass of the surface molecules and energy deposition into their internal motions. 50 Hydrogen atom abstraction by O atoms from hydrocarbon and organic ionic liquids may even become a general analytical tool to determine the propensity for organic ions to segregate to the surface. 11, 29 Non-Maxwellian helium evaporation from protic and hydrocarbon liquids A unique feature of the microjet is that it can carry dissolved gases into vacuum, enabling studies of the evaporation of weakly soluble gases. The backing gas that pressurizes the jet also dissolves within the liquid and then evaporates once the jet emerges into vacuum. Helium, which is often used as the backing gas, has the lowest solubility among all gases due to its very low polarizability, and this trait leads to remarkable consequences. 40, 41, [53] [54] [55] Fig. 11b shows the TOF spectrum of evaporating He atoms dissolved in a cold salty water jet in comparison with a Maxwell-Boltzmann distribution. The spectrum is shifted to shorter arrival times and therefore higher He kinetic energies. This super-Maxwellian He evaporation appears to be universal: we have observed this behavior from every liquid jet investigated, including dodecane, octane, jet fuel, ethylene glycol, and pure water. The average kinetic energies of the evaporating He atoms range from 1.05 to 1.70 Â 2RT liq , where 2RT liq is the flux-weighted kinetic energy of molecules evaporating in a Maxwell-Boltzmann distribution. In contrast, more soluble and polarizable gases such as Ar, O 2 , N 2 , CO 2 , Cl 2 , HCl, HNO 3 , and H 2 O all evaporate from liquid microjets with velocities that are very close to Maxwell-Boltzmann distributions at T liq .
The super-Maxwellian evaporation of He has two surprising implications. First, microscopic reversibility allow us to reverse the trajectories of the outgoing He atoms and view them as approaching the liquid-these trajectories all lead to dissolution because the He atoms began in the liquid in the original trajectories. 32, 39 In this time-reversed picture, He atoms at higher kinetic energies preferentially dissolve-they ''ballistically'' deposit in the liquid-while those that approach the surface more slowly are likely to bounce off. 53 In this way, we can exploit evaporation from microjets to explore collisions that lead to gas dissolution, which are such rare events for He that they are exceedingly difficult to probe experimentally.
Second, we find that the kinetic energy of the evaporating He atoms scales approximately with the (positive) free energy of solvation of He. Atomistic simulations by Kann and Skinner show that the correlation reflects the sharply decreasing potential of mean force as the interloping He atom passes through the interfacial region (as shown in Fig. 11a ). 41, 55 The gradient of this potential is the force acting on the He atom by the neighboring water molecules as they reconfigure and return to their unperturbed state. The He atom is accelerated by this repulsive force, and because He binds so weakly to water, it does not dissipate all of its excess energy through additional He-H 2 O collisions before its last collision with the surface molecules. We hope soon to investigate He evaporation from solutions containing surface-active species in order to learn how they alter the final collisions of the He atom as it is propelled through the interface.
Future directions
Microjet scattering offers the possibility to explore collisions and reactions at the surfaces of water and hydrocarbon fuels under conditions closer to room temperature. The results described above imply that jet radii no larger than a few microns, along with careful detection schemes, will be required to perform scattering experiments free of gas-gas collisions at vapor pressures of several Torr. We believe that these jets will be useful for investigating atmospherically important reactions with actual seawater and sea spray, fuel evaporation in gasoline engines, and even electrochemical reactions at the vacuum/water/electrode interface. In combination with theoretical efforts and spectroscopic characterization, these scattering experiments hold great promise to reveal a microscopic picture of everyday gas-liquid processes.
